INTRODUCTION
============

Traumatic brain injury (TBI) is a leading cause of morbidity and mortality, and over 1.7 M individuals suffer from TBI in the US every year \[[@B1][@B2][@B3]\]. TBI frequently occurs in sports, car accidents, and falls. Annual healthcare costs of TBI are estimated to be over \$60 billion in the US \[[@B3]\]. Notably, it has been reported that single and repetitive TBI are associated with the development of neurodegenerative disorders, including chronic traumatic encephalopathy (CTE) and Alzheimer\'s disease (AD) \[[@B4][@B5][@B6][@B7][@B8][@B9][@B10][@B11][@B12][@B13][@B14][@B15]\].

CTE has been neuropathologically confirmed in contact sport athletes including football players \[[@B11][@B12][@B13][@B14][@B15][@B16][@B17]\] and military veterans exposed to blast \[[@B14][@B18]\]. The pathological criteria for the diagnosis of CTE were proposed by McKee and colleagues and confirmed by a NIH consensus panel of expert neuropathologists \[[@B14][@B17]\]. The severity of hyperphosphorylated tau pathology in CTE has been divided into 4 stages (Stages I thorough IV) that are significantly associated with increased age and length of a football playing career \[[@B14]\]. Other neuropathological features of CTE include axonal injury \[[@B14]\], neuroinflammation \[[@B19][@B20]\] and TDP43 deposition \[[@B14][@B21]\]. Individuals with CTE show clinical symptoms of behavior and mood dysfunction including aggression, depression, impulsivity, and suicidality, and cognitive changes of memory loss and executive dysfunction \[[@B14][@B16][@B22]\]. The symptoms of CTE often develop after a latent period of several years to even decades after the trauma has occurred \[[@B13]\].

Interestingly, CTE-like neuropathology has been observed in acute closed head injury such as concussion, subconcussion and blast injury \[[@B18][@B23]\]. In the blast neurotrauma, the axonal injury, blood brain barrier dysfunction, astrocytosis, microgliosis and hyperphosphorylated tau pathology are found as similar to CTE \[[@B18][@B23]\]. Together, it has been proposed that head trauma-induced axonal injury is directly linked to the development of neurodegenerative pathology in both the acute and the repetitive head injury \[[@B24][@B25][@B26][@B27][@B28][@B29][@B30][@B31]\].

In the current study, we performed mass spectrometry-based proteomic analysis of post-mortem brain tissue from individuals neuropathologically diagnosed with CTE and normal subjects in order to identify and characterize the protein signatures associated with CTE. We further analyzed significantly altered protein clusters by ingenuity pathway analysis (IPA). We discovered that axonal guidance signaling pathway-related proteins are most significantly affected in CTE. Western blot analysis and immunohistochemistry verified that neuron-specific cytoskeletal proteins (such as CFL-1 and TUBB3) and oligodendrocyte-specific proteins (such as MAG and TUBB4) were down regulated in both gray matter and white matter in CTE. Our data indicate that alteration of axonal guidance signaling proteins is closely linked to the neuronal and oligodendrocyte pathology found in CTE.

MATERIALS AND METHODS
=====================

Postmortem brain tissues
------------------------

Neuropathological processing of control and CTE human brain samples followed the procedures previously established for the Boston University Alzheimer\'s Disease Center (BUADC) and Chronic Traumatic Encephalopathy (CTE) Center. Institutional review board approval for ethical permission was obtained through the BUADC and CTE Center and Boston University School of Medicine. Next of kin provided informed consent for brain donation. The study was performed in accordance with institutional regulatory guidelines and principles of human subject protection in the Declaration of Helsinki. Detailed information of brain tissues is described in [Supplementary Table 1](#S1){ref-type="supplementary-material"}.

Protein extraction
------------------

Proteomic analysis involved (1) frozen tissue collection, (2) protein extraction, (3) sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) protein fractionation, (4) in-gel tryptic digestion and desalting, (5) LC-MS/MS, (6) label-free quantification, and (7) pathway and interaction network analyses and confirmation with Western blotting and immunohistochemistry staining ([Fig. 1A and 1B](#F1){ref-type="fig"}). Frozen normal (n=3) and CTE (n=3) postmortem brain tissue (superior frontal cortex) samples were minced and homogenized in RIPA buffer (50 mM Tris-Cl pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) with protease inhibitor cocktail and phosphatase inhibitor cocktail. The tissue lysates were centrifuged, and the supernatants were collected and stored at −80℃until analysis. Protein concentration was determined with BioRad protein assay according to the manufacturer\'s instructions.

Liquid chromatography tandem mass spectrometry (LC-MS/MS)
---------------------------------------------------------

The proteins were fractionated using one-dimensional sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). About 100 µg of proteins from normal (3 independent) (n=3) and CTE brain (3 independent) (n=3) tissues were separated on SDS-PAGE, roughly divided into 10 bands according to molecular weights, and digested, in-gel, with trypsin except reduction and alkylation steps \[[@B32]\]. The reduction and alkylation steps were omitted to avoid unwanted protein modification by dithiothreitol (DTT) and iodoacetamide. Instead, the tryptic digestion time was extended together with additional trypsin treatment to ensure complete digestion. The extracted peptides from each gel band were desalted by ZipTip (Millipore, Billerica, MA) and subjected to peptide fractionation using an EASY-nLC 1000 system (Thermo Scientific) equipped with a long C18 column (300×Ø 0.075 mm, C18 resin with 3 µm particle size, 100 Å pore diameter, Reprosil, Germany). Samples were analyzed using 120 min linear gradient of 5\~35% acetonitrile/0.1% formic acid at a flow rate of 300 nL/min. The MS and MS/MS spectra were acquired by a LTQ-Orbitrap Elite mass spectrometer (Thermo Scientific) in a datadependent mode, in which MS/MS fragmentation with normalized collision energy of 35% was performed using the 30 most intense peaks above a threshold ion count of 1,000 in every full MS scan. Full MS spectra of 350\~1,800 *m/z* with a mass resolution of 60,000 at 400 *m/z* were acquired. The isolation window was set as 2 *m/z*, ions with a single charge were excluded from MS/MS fragmentation and the dynamic exclusion duration was set as 60 s. Automatic gain control (AGC) was 1E6 for orbitrap and 1E4 for ion trap.

Protein identification
----------------------

The acquired MS/MS spectra were searched against the human protein database (UniProtKB; 72277 entries) using the Proteome Discoverer 1.4 software (Thermo Scientific) with the built-in MASCOT and SEQUEST search engine. Trypsin (full cleavage) was specified as cleavage enzyme allowing up to two missing cleavages. Mass tolerance was set to 10 ppm for precursor ions and 0.5 Da for fragment ions. Methionine oxidation was selected as a dynamic modification, and the false discovery rate (FDR) was 1%.

Label-free quantification
-------------------------

Progenesis LC-MS software (version 4.1; Nonlinear Dynamics, UK) was employed for label-free quantification. The acquired spectra (raw data) of every fraction from CTE and control brain tissues were input, transformed and stored as peak lists with abundance and *m/z*. One sample was selected as reference to get the maximum of all features overlay, and then peptide ions were aligned automatically. Features with either a single charge or more than eight charges were excluded from further analysis. All remaining features were normalized for correction of experimental variation. MASCOT search was performed for protein identification, the peptide information was collected and reimported into the Progenesis LC-MS software. The total abundance of each protein was determined by summing up all unique peptides allocated to each specific protein, which were validated by MS (q-value\<0.01). The entire quantification set was created by combining results of all fractions and grouped into normal and CTE. The proteins which had at least 2 unique peptides for quantification and at least 1.5-fold change ratio (up or down) in CTE comparing with normal brain tissues were considered differentially expressed (ANOVA p-value\<0.05).

Pathway, interaction network and heat map analyses
--------------------------------------------------

For pathway analysis, Ingenuity Pathways Analysis (IPA, Ingenuity Systems) software was employed. It evaluates the association between differentially expressed proteins and pathways using p-value. The smaller the p-value is, the tighter the association is there. p\<0.05 was considered statistically significant. Interaction network analysis was performed using the Search Tool for the Retrieval of Interacting Genes (STRING) 10.0 database ([http://string-db.org](https://www.string-db.org)) \[[@B33]\]. Medium confidence (0.4000) were used and active interaction sources included all default settings, such as text mining, experiments, database, co-expression, neighborhood, gene fusion, co-occurrence. STRING analysis options were based on 'evidence' mode. Disconnected nodes were hidden and no proteins were removed or added. Heat map presentation of the differentially expressed proteins was generated with Heml (Heatmap Illustrator) \[[@B34]\]. Color scale was based on the log2 transformed expression values of proteins in CTE or control. Otherwise, KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway of up-regulated protein signatures was analyzed by DAVID (6.8 version).

Western blot analysis
---------------------

Western blot was performed as previously described \[[@B35]\]. Twenty µg of protein was subjected to SDS-PAGE (13%) and blotted with anti-TUBB3 (05-559, Millipore.), anti-CFL1 (sc-53934, SantaCruz Biotech.), anti-TUBB4 and anti-MAG (ab179504 and ab89780, Abcam.) antibody. Protein loading was controlled by probing for GAPDH (AP0066, Bioworld Technology.) on the same membrane.

Immunohistochemistry
--------------------

Immunohistochemical detection of tubulin βIII (TUBB3) and myelin associated glycoprotein (MAG) was performed on paraffin sections of the cortex tissue from fixed normal and CTE postmortem brains as previously described \[[@B36]\]. Briefly, paraffin-embedded sections were deparaffinized, rehydrated and treated with 3% H~2~O~2~ for antigen retrieval. After blocked with TBS-T containing 5% fetal bovine serum for 1 hour, sections were then incubated overnight in TBS-T with 5% fetal bovine serum and mouse anti-TUBB3 (1:100; 05-559, Millipore), mouse anti-MAG (1:100; ab89780, Abcam). The following morning, sections were rinsed three times in TBS-T, followed by a 2\~3 hour incubation in TBS-T containing a goat anti-mouse peroxidase-conjugated secondary antibody to detect TUBB3, MAG respectively. The sections were then rinsed three times in TBS-T and further incubated in TBS-T with ABC solution (Vector Kit) for 1 hour. Antibody complexes were visualized by using diaminobenzidine (DAB) and analyzed by a bright field microscopy at various magnifications.

Statistical analysis
--------------------

Data were analyzed using SigmaPlot and represented as the mean±standard error of the mean (SEM). For single comparison, the significance of differences between means was assessed by Student\'s *t* test. Data were considered significant at a value of p\<0.05.

RESULTS
=======

In-depth identification of total proteins in normal versus CTE postmortem brain tissue lysates by LC-MS/MS
----------------------------------------------------------------------------------------------------------

In the first series of experiments, frozen cortex (superior frontal) tissue lysates from the normal (3 independent) and CTE postmortem brains (3 independent) were pre-fractionated separately by SDS-PAGE to yield 10 fractions according to their molecular weights. After in-gel tryptic digestion of each fraction, LC-MS/MS followed by MASCOT and SEQUEST search engine yielded 3591, 3582 and 3635 proteins for the CTE brains and 3909, 3921 and 3920 proteins for the controls with 1% FDR from three replicates, respectively. In combination, a total of 4695 proteins in CTE brains and 5057 proteins in normal controls were identified. In total, 6218 non-redundant proteins were identified from the CTE and normal control brains ([Fig. 1C](#F1){ref-type="fig"} and [Supplementary Table 2](#S1){ref-type="supplementary-material"}).

Characterization of CTE-associated proteins by label-free quantification
------------------------------------------------------------------------

Among the identified proteins, ion intensity-based label-free quantification approach using Progenesis LC-MS software revealed 1558 up-regulated proteins and 1837 down-regulated proteins in the CTE brains versus controls with p\<0.05. The final panel of altered proteins in CTE was narrowed down by selecting the proteins which had at least 2 unique peptides for quantification and had expression levels with at least 1.5-fold of increase or decrease, resulting in 486 up-regulated and 885 down-regulated proteins in comparison with controls ([Fig. 1D](#F1){ref-type="fig"} and [Supplementary Table 3](#S1){ref-type="supplementary-material"}).

Pathway analysis of proteins that are associated with CTE
---------------------------------------------------------

To get better understanding of the 1371 altered proteins (486 upregulated and 885 down-regulated with at least 1.5-fold changes) in CTE, IPA was employed to explore pathway property. IPA analysis revealed axonal guidance signaling was the top pathway which was the most highly associated with the differentially expressed proteins in CTE ([Fig. 2A](#F2){ref-type="fig"}). Moreover, the highest number of proteins among the CTE-associated proteins was associated with axonal guidance signaling ([Supplementary Table 4](#S1){ref-type="supplementary-material"}).

Interaction network analysis of proteins that are associated with CTE
---------------------------------------------------------------------

Interaction network analysis with STRING revealed that multiple interaction network and interaction clusters were formed between the 1371 CTE-associated proteins ([Fig. 2B](#F2){ref-type="fig"}). When down-regulated proteins associated with axonal guidance signaling (the top pathway in IPA analysis) were applied, interaction network analysis revealed the following clusters were formed between those down-regulated proteins associated with axonal guidance signaling: cytoskeletal protein, myelin sheath related protein, protein phosphatase related protein, protein kinase-related protein, kinase signaling-related protein, G-coupled protein and Rho GTPase-related protein ([Fig. 2C](#F2){ref-type="fig"}).

Axonal guidance signaling-related proteins are down-regulated in CTE
--------------------------------------------------------------------

In order to confirm the change of axonal guidance signalingrelated protein levels in CTE, we performed Western blot and analyzed the protein levels semiquantitatively by densitometry ([Fig. 3](#F3){ref-type="fig"}). The protein levels of neuronal markers such as cofilin-1 (CFL-1) and tubulin βIII (TUBB3) were significantly reduced in the cortex of CTE compared to normal ([Fig. 3A](#F3){ref-type="fig"}). In addition, the protein levels of oligodendrocyte markers such as myelin associated glycoprotein (MAG) and tubulin βIV (TUBB4) were significantly reduced in the cortex of CTE compared to normal ([Fig. 3B](#F3){ref-type="fig"}). On the other hand, the levels of Rho GTPase family proteins such as Mitogen-Activated Protein Kinase Kinase 2 (MEK2/MAP2K2) and Ras Homolog Family Member G (RHOG) were significantly reduced in the cortex of CTE compared to normal ([Fig. 3C](#F3){ref-type="fig"}).

Because several axonal guidance signaling-related proteins are expressed in a cell type-specific manner, we further performed immunocytochemistry (IHC) and determined the localization of TUBB3 and MAG in the cortex of normal and CTE brain tissues ([Fig. 4](#F4){ref-type="fig"}). As expected, the immunoreactivity of TUBB3, a neuronal cytoskeletal marker, was markedly decreased in the cell body and the dendrite of pyramidal neurons in the grey matter of CTE cortex compared to the normal brain ([Fig. 4A](#F4){ref-type="fig"}, left panels). The immunoreactivity of TUBB3 was also reduced in the white matter of CTE cortex compared to the normal brain ([Fig. 4A](#F4){ref-type="fig"}, right panels). Densitometry analysis of IHC data confirmed that TUBB3 protein level was significantly reduced in both the white and the gray matter of CTE patients ([Fig. 4B](#F4){ref-type="fig"}). In addition, the immunoreactivity of MAG, an axonal and oligodendrocyte marker, was markedly reduced in the neurites of the grey matter of CTE cortex compared to the normal brain ([Fig. 4C](#F4){ref-type="fig"}, left panel). The immunoreactivity of MAG was markedly decreased in the white matter CTE cortex as well ([Fig. 4C](#F4){ref-type="fig"}, right panel). Densitometry analysis of IHC data confirmed that MAG protein level was significantly reduced in both the white and the gray matter of CTE patients ([Fig. 4D](#F4){ref-type="fig"}). Thus, immunohistochemical examination revealed characteristics of an axonopathy, including a decreased number of TUBB3-positive and MAG-positive microfilaments. The IHC data were concurrent with Western blot data, indicating that axonal guidance signaling-related proteins are quantitatively reduced in CTE.

Neuronal and oligodendrocyte proteins are altered in CTE
--------------------------------------------------------

After we discovered that the axonal guidance signaling-related proteins are down-regulated in CTE, we further investigated in which cell types these proteins are changed. In this regard, we sorted cell-type specific proteins, ran heat map analyses, and examined alteration of neuronal versus oligodendrocyte-specific proteins in CTE compared to normal control ([Fig. 5](#F5){ref-type="fig"}). We found that neuronal specific proteins such as calmodulin kinase V (CAMKV) and microtubule associated protein 2 (MAP2) (isoform 3) were significantly down-regulated while enolases (ENO1 and 2), well known neuron-specific enzymes, were not changed in CTE ([Fig. 5A](#F5){ref-type="fig"}). On the other hand, most of oligodendrocyte-specific proteins such as 2′,3′-cyclic nucleotide 3′ phosphodiesterase (CNP/CNPase), ectonucleotide pyrophosphatase/phosphodiesterase 6 (ENPP6), ermin (ERMN), and myelin basic protein (MBP) (isoforms 3, 4, and 6) were significantly down-regulated in CTE ([Fig. 5B](#F5){ref-type="fig"}).

Up-regulated protein signature is linked to oxidative phosphorylation pathway in CTE
------------------------------------------------------------------------------------

In order to find out how 486 up-regulated proteins are associated with the CTE pathogenesis, we further analyzed their molecular interaction/reaction network. The most significant change in KEGG pathways of the up-regulated proteins was the oxidative phosphorylation pathway, an ATP (biological energy) production process in mitochondria ([Supplementary Table 5](#S1){ref-type="supplementary-material"}). The oxidative phosphorylation pathway-related 14 proteins included ATP Synthase F1 Subunit Delta (ATP5D), ATP Synthase Membrane Subunit G (ATP5L), ATPase H+ Transporting Accessory Protein 1 (ATP6AP1), ATPase H+ Transporting V0 Subunit C (ATP6V0C), ATPase H+ Transporting V1 Subunit G2 (ATP6V1G2), Mitochondrially Encoded NADH:Ubiquinone Oxidoreductase Core Subunit 5 (MT-ND5), NADH:Ubiquinone Oxidoreductase Subunit AB1 (NDUFAB1), NADH:Ubiquinone Oxidoreductase Subunit A7 (NDUFA7), NADH:Ubiquinone Oxidoreductase Subunit B7 (NDUFB7), NADH:Ubiquinone Oxidoreductase Subunit A12 (NDUFA12), NADH:Ubiquinone Oxidoreductase Subunit A13 (NDUFA13), NADH:Ubiquinone Oxidoreductase Subunit B4 (NDUFB4), NADH:Ubiquinone Oxidoreductase Subunit S6 (NDUFS6), and Succinate Dehydrogenase Complex Flavoprotein Subunit A (SDHA). This data indicates that oxidation of metabolites via the mitochondrial respiratory chain is abnormally modulated in the CTE postmortem brain.

DISCUSSION
==========

CTE is defined by perivascular deposition of hyperphosphorylated protein in the sulcal depths of the cerebral cortex, yet other pathologies, including axonal degeneration, neuroinflammation, microvasculopathy, beta amyloid and TDP-43 deposition are often present \[[@B14][@B17][@B19][@B21][@B26]\]. Other molecular markers that play active and specific roles in mediating and executing neurodegeneration in CTE have not been fully investigated.

Herein, we performed label-free quantitative proteomic analysis based on protein fractionation by gel electrophoresis coupled to LC-MS/MS of in-gel digested proteins and ion intensity and identified that axonal guidance signaling pathway is significantly affected in the cortex of human brain neuropathologically diagnosed with CTE. The characterization of disease-associated molecules in CTE is complex and involves multiple changes in gene and protein expression in a cell type-specific manner. Indeed, our proteome analysis showed that neuronal and oligodendrocyte-specific protein levels are markedly changed in CTE. The levels of neuronal specific proteins including calmodulin kinase V (CAMKV) and microtubule associated protein 2 (MAP2) (isoform 3) were significantly reduced in CTE. In addition, the levels of major oligodendrocyte-specific proteins including 2′,3′-cyclic nucleotide 3′ phosphodiesterase (CNP/CNPase), myelin basic protein (MBP) (isoforms 3, 4, and 6), ermin (ERMN), and ectonucleotide pyrophosphatase/phosphodiesterase 6 (ENPP6) were significantly reduced in CTE. Interestingly, the protein-protein interaction network analysis showed that cytoskeletal proteins (TUBA1C, TUBA4A, TUBB2A, TUBB3, TUBB4A, TUBB4B, CFL1, and CFL2) are a major cluster of interactome among the axonal guidance signaling pathway in the CTE postmortem brain. In addition, both a cluster of protein kinase- (PRKAR1A, PRKCB, PRKCD, PRKCE, and PRKCG) and a cluster of kinase signaling-related proteins (BCAR1, CDK5, CRK, MAP2K1, and MAP2K2) were markedly associated with impaired axonal guidance signaling pathway in CTE. Otherwise, a protein phosphatase (PPP3CC) was apparently interacted with the cluster of cytoskeletal protein and the cluster of protein kinase- and kinase signaling-related protein, indicating that altered protein phosphatase function may contribute to the dysfunction of axonal signaling pathway regardless of the size of cluster. However, precise interaction mechanisms among these clustered molecules should be further investigated in the future study.

Deregulation of axonal cytoskeleton in CTE
------------------------------------------

Repetitive head trauma, such as concussive and subconcussive impact injury, produces primary axonal injury through a physical stress and cytoskeletal disruption \[[@B37][@B38][@B39][@B40][@B41][@B42][@B43][@B44]\]. Axonal injury also triggers molecular signaling pathways that result in axonal degeneration (so called secondary axotomy) \[[@B45]\]. Microtubules are essential to mediate axonal guidance and maintain the structures and long tracts of axons \[[@B46][@B47][@B48][@B49][@B50]\]. Our current data indicates that TUBB3 (β-tubulin isotype III), a major microtubule exclusively expressed in neurons, is significantly down-regulated in CTE. A growing body of evidence shows that heterozygous missense mutations in *TUBB3* result in increased axonopathy and white matter loss associated with intellectual impairment and facial paralysis \[[@B51][@B52][@B53]\]. In the current study, Western blot and IHC demonstrated that TUBB3 is reduced in CTE and is associated with reduced axonal thickness and bulb formation in the cortical grey and white matter. Considering that decreased TUBB3 is associated with axonal degeneration, TUBB3 may potentially be a pathological marker of axonopathy in CTE.

Oligodendrocyte (OGD) dysfunction and demyelination in CTE
----------------------------------------------------------

In the present study, we found that oligodendrocyte-derived and myelin-associated proteins such as CNP, myelin-associated glycoprotein (MAG), MBP, and other proteins are significantly down-regulated in moderate to advanced stage of CTE (Stages III and IV), the chronic phase cases. It seems likely that the levels of oligodendrocyte-specific proteins are more affected in CTE than neuronal markers. It is possible that CTE may specifically deregulate protein expression in a cell type-specific manner rather than whole protein expression throughout the brain \[[@B54]\]. Recently, we reported that the OGD-related transcriptome signature is altered in CTE and its alteration is associated with the pathogenesis of CTE \[[@B54]\]. Concurrent with the transcriptome analysis, our proteomic analysis strongly suggests that alteration and deregulation of OGD functions contributes to CTE pathology. OGD function may be involved in the regeneration of axons after mild TBI-induced axonal damage \[[@B55]\]. In contrast, OGD function is severely deregulated in the later stage after repetitive TBI \[[@B56]\]. Interestingly, OGDs possess differential adaptive features in response to the acute or the chronic phases of brain injury \[[@B56][@B57]\]. OGD dysfunction is characterized by demyelination and white matter pathology. Recent studies indicate that the number of OGDs undergo a dynamic change during the acute phase of fluid percussion brain injury \[[@B58]\]. Because OGD regeneration and axonal remyelination is limited in the injured brain, axonal demyelination leads to consequential long-term sensorimotor deficits and cognitive dysfunction \[[@B59]\].

MAG is a major component of axonal myelination and synthesized by oligodendrocytes. MAG is susceptible to detergent extraction and is associated with the myelin membrane in a sulfatide dependent manner \[[@B60]\]. Regardless of MAG function as a negative regulator of axonal guidance, our data suggest that the level change of MAG protein simply represents the neuropathological marker of CTE at stage III or IV as a failing sign of OGD-dependent regeneration. Our identification of molecules that are linked to the processes of axonal guidance and myelination through neurons and OGDs may provide novel therapeutic targets to restore white matter integrity and ultimately improve neurological symptoms in CTE \[[@B61]\]. Considering that several cell types are affected by trauma and that the pathogenesis of CTE is complex, the crosstalk mechanism between neurons, OGDs, microglia, and astrocytes needs to be further investigated in CTE pathogenesis in future studies.

In conclusion, our proteomic study provides insight on molecules linked to the axonal pathology in CTE. Our findings indicate that the expression of microtubule and myelin ensheathmentrelated proteins is deregulated in both the grey and white matter of CTE. The disruption of axonal integrity and the loss of myelination by oligodendrocytes likely exacerbate axonal damage and demyelination in CTE ([Fig. 6](#F6){ref-type="fig"}). Together, determining mechanisms and therapeutics to maintain the rigid axonal structure by neuronal microtubule assembly and the restoration conditions of myelination by OGD activation will be important strategies in preventing and slowing the neurodegeneration in CTE.

This study was supported by NIH R01 NS067283 (H.R.), NINDS (U01NS086659-01) (A.C.M.), Department of Veterans Affairs, the Veterans Affairs Biorepository (CSP 501) (A.C.M.), and the Concussion Legacy Foundation. This work was also supported by the Grant (2E29221 and 2E29230) from Korea Institute of Science and Technology. This study was also supported by the National Research Foundation of Korea Grant (NRF-2015M3A9A8030034 and NRF-2016M3C7A1904233) from the Ministry of Science, ICT and Future Planning, and the National Research Council of Science & Technology (NST) Grant (No. CRC-15-04-KIST) from the Korean government (MSIP).

SUPPLEMENTARY INFORMATION
=========================

###### 

Supplementary Table 1. Information of the postmortem brain tissues included in this study.
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Supplementary Table 5. KEGG pathway analysis by DAVID (6.8 version) for up-regulated protein signatures in the CTE postmortem brain compared to normal control (p\<0.05).

![Experimental workflow for proteomic analysis and differentially expressed proteins in CTE postmortem brains versus normal postmortem brains. (A) A scheme represents the work-flow of proteomic analysis in normal and CTE postmortem brains. (B) A diagram shows the preparation of RIPA-soluble fraction from postmortem brain samples. (C) A total of 5057 proteins were identified by LC-MS/MS in normal control while a total of 4695 proteins were identified in CTE brain tissue lysates. A list of 3534 proteins were commonly found in both normal and CTE postmortem brains. (D) A list of 486 proteins was up-regulated (≥1.5-fold) in the CTE samples while a list of 885 proteins was down-regulated (≤1.5-fold) in the CTE samples compared to normal samples.](en-28-362-g001){#F1}

![Pathway and interaction network analyses of the differentially expressed proteins in CTE postmortem brains. (A) The differentially expressed proteins (≥ and ≤1.5-fold) in CTE brain tissues were defined by pathway analysis using IPA software. Top 10 pathways with the highest significance were shown. Blue bars indicated −log(p-value); orange spots indicated ratio of protein number to total protein number in each pathway. (B) A biological network shows a complexity of multiple interaction network among proteins that are affected in the CTE postmortem brain. Interaction network analysis was performed with differentially expressed proteins (≥ and ≤1.5-fold) using STRING 10.0 database. (C) An interaction network of the axonal guidance signaling pathway exhibited that cytoskeleton-, myelin sheath-, and Rho-GTPase-related proteins are down regulated (1.5-fold) in the CTE postmortem brain.](en-28-362-g002){#F2}

![Western blot analysis shows that axonal guidance signaling-related proteins are down-regulated in the cortex of postmortem brain in CTE patients. (A) Neuronal beta III tubulin (TUBB3) and cofilin (CFL1) proteins were down-regulated in the cortex of postmortem brain of CTE patients compared to normal subjects. Western blot data represent each of the three cases of normal subjects (Nor) and CTE patients. (B) Oligodendrocyte MAG and TUBB4 proteins are down-regulated in CTE. (C) MEK2/MAP2K2 and RHO G, a Rho GTPase family protein, were down-regulated in CTE. Significantly different from normal (Nor) subject at ^\*^p\<0.05; ^\*\*^p\<0.01. All bar graph data represent the mean±SEM from five cases of normal subjects (n=5) and CTE patients (n=5).](en-28-362-g003){#F3}

![Immunohistochemistry shows that axonal guidance signaling-related proteins are down-regulated in the cortex of postmortem brain in CTE patients. (A) The immunoreactivity of TUBB3 protein was down-regulated in both the grey matter and the white matter of the cortex in CTE postmortem brain compared to normal control. TUBB3 was highly stained in the cell body and the dendrite of pyramidal neurons in the grey matter and its level was reduced in CTE. Scale bars: black 2 µm; white 5 µm. (B) Densitometry analysis showed that TUBB3 level was significantly reduced in both the grey matter and the white matter of the cortex in CTE postmortem brain. The intensity of signals was measured at a total of 30 regions (10 regions at each slide from 3 stained slides). ^\*\*^Significantly different from normal subject at p\<0.01. (C) The immunoreactivity of MAG protein, an oligodendrocyte marker, was down-regulated in both the grey matter and the white matter of the cortex in CTE postmortem brain compared to normal control. MAG was highly stained in the neuropils of the grey matter and its level was reduced in CTE. Scale bars: black 2 µm; white 5 µm. (D) Densitometry analysis showed that MAG protein level was significantly reduced in both the grey matter and the white matter of the cortex in CTE postmortem brain. The intensity of signals was measured at a total of 30 regions (10 regions at each slide from 3 stained slides). ^\*\*^Significantly different from normal subject at p\<0.01.](en-28-362-g004){#F4}

![Neuronal and oligodendrocyte proteins were down-regulated in CTE. (A) Heat map analysis showed that neuronal markers such as CAMKV, CAMK2A, CALM, CFL1 and 2, MAP2, and TUBB3 are down regulated in the cortex of post mortem brains of CTE patients. Red color represents the higher expression while green color represents the lower expression of protein. (B) Heat map analysis showed that oligodendrocyte (OGD) markers such as CNP, ERMN, ENPP6, MBP isoforms (3, 4, and 6), MAG, and TUBB4 are down-regulated in the cortex of post mortem brains of CTE patients. Color scale was based on the log2 transformed expression values of proteins in CTE patients or normal subjects.](en-28-362-g005){#F5}

![A scheme illustrating that deregulation of neuronal and oligodendrocyte (OGD) proteins are associated with the neurodegenerative pathology of chronic traumatic encephalopathy (CTE). Repetitive closed head injury, so called non-penetrating traumatic brain injury (TBI) or blunt TBI in human, alters axonal guidance signaling-related proteome signatures in both neurons (such as CFL1 and 2, and TUBB3) and oligodendrocytes (such as MAG and TUBB4). Consequently, the dysfunction of axonal guidance signaling pathway leads to impaired myelination and neurodegeneration that are associated with the white matter pathology in CTE patients.](en-28-362-g006){#F6}
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